Introduction {#Sec1}
============

The dermal papilla (DP), specialized mesenchymal cells at the base of hair follicle, serve crucial roles in hair follicle formation^[@CR1]^. DP secrete various factors, which initiate hair follicle formation by activating skin epithelial stem cells^[@CR2],[@CR3]^. Generating hair follicle *in vitro* is a major challenge since DP quickly lose hair-inductive activity during passaging in the conventional two-dimensional (2D) culture^[@CR4]^. In order to restore intrinsic properties of DP, 3D sphere culture has been investigated as an alternative method. The signature genes associated with hair induction can be partially restored in DP using 3D sphere culture^[@CR5]^. Compared to 2D, 3D sphere culture offers a more physiological relevant system where cell-cell communication as well as microenvironments is more closely represent *in vivo*. Cells respond to their microenvironment by stimulating various gene transcription and occupy their "niche" to differentiation^[@CR6]^. Many lines of scientific evidence support that metabolic alteration in 3D culture towards nutrient as well as oxygen diffusion would be crucial for recapitulation of *in vivo*. For example, 3D cultures of human pluripotent stem cell derived cardiomyocytes express high levels of enzymes involved in OXPHOS^[@CR7]^. And 3D cultures of HepaRG spheroids show robust activation of glucose and lipid metabolism^[@CR8]^. Similarly, energy metabolism has been shown to be one of the major cues during hair follicle formation. Especially, lactate dehydrogenase (LDHA), an enzyme involved in anaerobic glycolysis is required for hair follicular stem cell activation^[@CR9]^. Whereas, the relationship between cellular metabolism and functional properties of DP has been poorly understood although DP are one of the primary cells for hair follicle generation^[@CR10]^. In this study, we determined the relationship between glucose metabolism and intrinsic properties of DP, especially expression of hair inductive genes. Because intrinsic properties of DP are restored in the sDP (sphere cultured DP) but not in the cDP (two dimensional cultured DP) according to the previous report^[@CR4]^, we employed sDP and cDP to determine glucose metabolism.

Results {#Sec2}
=======

Glucose metabolism is activated in sDP {#Sec3}
--------------------------------------

To measure glucose metabolism, we determined glucose uptake in cDP and sDP using fluorescent 2-NBDG. Glucose uptake was 3-folds higher in sDP compared to cDP, which indicating sDP exhibit robust glycolysis (Fig. [1a](#Fig1){ref-type="fig"}). Consequently, the levels of mRNA expression of metabolic enzymes were increased in sDP along with high expression of DP signature genes (Fig. [1b](#Fig1){ref-type="fig"}). Protein levels of metabolic enzyme were also increased in sDP (Fig. [1c,d](#Fig1){ref-type="fig"}). To determine whether sDP exhibit anaerobic or aerobic glycolysis, we measured pyruvate and lactate levels. sDP showed higher pyruvate levels but not lactate levels, which indicating aerobic glycolysis is activated by sDP (Fig. [1e,f](#Fig1){ref-type="fig"}). We also compared expression of the genes related with aerobic glycolysis between 3D cultured DP and paired fresh DP from microarray data (GSE44765_5)^[@CR5]^. The expression levels of enzymes, which related with glycolysis and oxidative respiration were increased from 3D cultured DP (Table [S1](#MOESM1){ref-type="media"}). These results indicated that glucose metabolism is induced in sDP along with high expression of hair inductive genes.Figure 1Glucose metabolism is activated in sDP. (**a**) Glucose uptake was measured by transporting of fluorescent Deoxyglucose Analog (2-NBDG) at 80 μM in cultured DP (cDP) and DP spheres (sDP). (**b**) mRNA expression of glucose metabolism and signature gene associated with hair induction was measured in cDP and sDP. (**c**) Protein levels of metabolic enzyme were measured in cDP and sDP. (**d**) Quantification of western blot analysis from three independent experiments (**e**) Intracellular pyruvate was measured in cDP and sDP. (**f)** Extracellular lactate was measured from cDP and sDP. Data (**a**,**d**,**e**) shown are mean ± STE and analyzed by student t-test (\**p* \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.005, \*\*\*\*p \< 0.001).

Glucose metabolism is required for the expression of hair inductive genes {#Sec4}
-------------------------------------------------------------------------

Because sDP exhibit robust glycolysis, we incubated sDP in different glucose concentration to determine whether glucose metabolism is required for the expression of signature genes associated with hair induction. Expression of DP signature genes including *BMP4*, *LEF1*, *WNT5A*, *VCAN* and *FGF7* were decreased from sDP in presence of low glucose (2 mM) compared with physiological of glucose (5.5 mM) without alteration in cellular viability (Fig. [2a--f](#Fig2){ref-type="fig"}). Consequently, we used 2-deoxy-d-glucose (2DG) to determine whether inhibition of glycolysis modulates the expression of DP signature genes. 2DG treated DP showed decrease of glucose uptake and glucose-derived metabolites without alteration in cellular viability (Fig. [2g--j](#Fig2){ref-type="fig"}). The expression of the signature genes associated with hair induction was decreased by 2DG (Fig. [2k--o](#Fig2){ref-type="fig"}). Moreover, expression of the signature genes associated with hair induction was decreased by glycolytic inhibitors including 3BP and WZB117 (Fig. [S2a--j](#MOESM1){ref-type="media"}). Interestingly, excessive glucose (10 mM) supplement increased expression of the signature genes associated with hair induction (Fig. [2p-t](#Fig2){ref-type="fig"}). Consequently, hair shaft elongation was attenuated by glycolytic inhibitors (Fig. [2u,v](#Fig2){ref-type="fig"}). We also found that hair shaft elongation was enhanced by increased glucose concentration (Fig. [2w,x](#Fig2){ref-type="fig"}). These results suggest that glucose metabolism is required for expression of the genes associated with hair induction in DP.Figure 2Glucose metabolism is required for the induction of hair inductive genes. (**a**) Cellular viability was measured in sDP after 48 h of incubation with either 5.5 mM (control) or 2 mM glucose incubation. (**b**--**f**) mRNA expression of indicated genes were measured in sDP after 48 h of incubation with either 5.5 mM (control) or 2 mM glucose. (**g**) Cellular viability was measured in sDP presence of indicated concentration of 2 deoxy-d-glucose (2DG) for 48 h. (**h**) Glucose uptake was measured in sDP after 48 h of incubation with either vehicle or 500 μM of 2DG treatment. (**i**) Intracellular pyruvate was measured in sDP after 48 h of incubation with either vehicle or 2DG (500 μM). (**j**) Extracellular lactate was measured from sDP after 48 h of incubation with either vehicle or 2DG (500 μM). (**k**--**o**) mRNA expression of indicated genes were measured in sDP after 48 h of incubation with either vehicle or 2DG (500 μM). (**p**--**t**) mRNA expression of indicated genes were measured in sDP after 48 h of incubation with either control (5.5 mM glucose) or 10 mM glucose treatment in presence of 2DG (500 μM). (**u**) Isolated mice hair follicles were treated with each indicated chemicals of 500 μM of 2DG or 10 μM of WZB 117 or 20 μM of 3-Bromopyruvate (3BP) for 8 days. Images of representative mice hair follicle were taken from each group at day 0 and day 8, and the length of mice follicle was measured. Scale bar = 300 μm (**v**) Quantification of the hair shaft of length over time. (**w**) Isolated mice hair follicles were treated with each indicated glucose concentration for 8 days in presence of 2DG (500 μM). Images of representative mice hair follicle were taken from each group at day 0 and day 8, and the length of mice follicle was measured. Scale bar = 300μm (x) Quantification of the hair shaft length over time. Data (a-t) shown are mean ± STE and analyzed by Student t-test (\**p* \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.005, \*\*\*\*p \< 0.001).

Glycolysis-mediated acetylation is required for the expression of hair signature genes {#Sec5}
--------------------------------------------------------------------------------------

Excessive glucose promotes hyperacetylation of histones, which directly activates the expression of genes in nutrient-favorable conditions^[@CR11]^. To investigate the link between glucose metabolism and the expression of genes associated hair induction in DP, we measured histone acetylation in cDP and sDP. Interestingly, the levels of histone acetylation were increased in sDP (Fig. [3a,b](#Fig3){ref-type="fig"}). Moreover, we found high expression levels of histone acetylating enzymes from DP of anagen hair follicle compared with pairing fibroblasts in web-based meta-analysis (GSE31324)^[@CR4]^ using microarray data (Table [S2](#MOESM1){ref-type="media"}). Consequently, we measured histone acetylation after 2DG treatment to determine whether glucose metabolism is required for histone acetylation. The levels of histone acetylation were decreased by 2DG treatment (Fig. [3c,d](#Fig3){ref-type="fig"}). These results indicated that histone acetylation is regulated by glycolysis in DP. We used two histone acetyltransferase inhibitors, C646 and Ginkgolic acid to determine whether glucose-mediated histone acetylation is required for the expression of genes associated with hair induction in DP. The expression of genes associated with hair induction was decreased by these inhibitors without alteration in cellular viability as well as glucose uptake (Fig. [3e--k](#Fig3){ref-type="fig"}). These results suggested that DP rely on glycolysis for the expression of DP signature genes through histone acetylation.Figure 3Glycolysis-mediated acetylation is required for the expression of hair signature genes (**a**) Protein levels of acetylated histone were measured in cDP and sDP. (**b**) Quantification of western blots from three independent experiments. (**c**) Protein level of acetylated histone was measured in sDP after 48 h of incubation with indicated concentration of 2DG. (**d**) Quantification of western blots from three independent experiments. (**e**) Cellular viability was measured in sDP after 48 h of incubation with either vehicle or 10 μM C646 or 10 μM Ginkgolic acid. (**f**) Glucose uptake was measured in sDP after 48 h of incubation with either vehicle or 10 μM C646 or 10 μM Ginkgolic acid. (GA). (**g**--**k**) mRNA expression of indicated genes were measured in sDP after 48 h of incubation with either vehicle or 10 μM C646 or 10 μM Ginkgolic acid (GA). Data shown are mean ± STE and analyzed by one-way analysis of variance (ANOVA) (\**p* \< 0.05, \*\*p \< 0.01, \*\*\*\*p \< 0.001).

Discussion {#Sec6}
==========

DP showed metabolically less active compared with neighboring cells in plucked hair according to previous report^[@CR12]^. Our findings suggest that active DP rely on aerobic glycolysis that differs from hair follicle stem cells, which exhibit anaerobic glycolysis^[@CR9]^. Compartmentation of metabolism in the tissue have been reported including astrocyte-neuron metabolic cooperation^[@CR13]^. Therefore, it would be interesting to investigate metabolic interplay between DP and hair follicle stem cells during hair cycle as well as hair regeneration. Glycolysis is required for the expression of genes associated with hair induction (Fig. [2](#Fig2){ref-type="fig"}). Carbohydrates including galactose, glucosamine and fructose are transported through glucose transporters and utilized in glucose metabolism^[@CR14],[@CR15]^. Therefore, excessive carbohydrates-mediated DP inductivity should be determined in the future. On the other hands, glycolysis-mediated histone acetylation promotes differentiation of embryonic stem cells and proinflammatory cytokine production in helper T cells through epigenetic control^[@CR16],[@CR17]^. Based on these scientific backgrounds, we hypothesized that the incorporated excessive glucose into sDP promotes signature gene transcription by histone acetylation. We observed high levels of histone acetylation in sDP (Fig. [3a,b](#Fig3){ref-type="fig"}). Moreover, histone acetylating enzymes including KAT6A and KAT6B were increased in DP from anagen hair follicles (Table [S2](#MOESM1){ref-type="media"}). Glycolysis inhibitor, 2DG inhibits histone acetylation in sDP (Fig. [3c,d](#Fig3){ref-type="fig"}). Our data suggest glucose is required for histone acetylation, which is important for the expression of hair inductive genes (Fig. [3](#Fig3){ref-type="fig"}). Interestingly, our data correlates with recent studies that histone deacetylase inhibitors including tricostatin A (TSA) and valproic acid promote hair inductivity^[@CR18],[@CR19]^. Taken together, our finding suggests the standpoint where we could see a novel metaboloepigenetic regulation of DP although fine tuning of histone acetylation and epigenetic regulation of DP signature genes would be remains to explore in the future.

Methods {#Sec7}
=======

All methods were performed in accordance with the relevant guidelines and regulations

Cell culture and reagents {#Sec8}
-------------------------

Dermal papilla cells (DP; PromoCell GmbH, Heidelberg, Germany, Lot 325Z017.1 and 322Z030.1) were maintained in the Follicle Dermal Papilla Cell Basal Medium (PromoCell GmbH) supplemented with 4 µl/ml bovine pituitary extract, 0.04 ml/ml fetal calf serum, 1 ng/ml basic recombinant human fibroblast growth factor, 5 µg/ml recombinant human insulin (PromoCell). Cells were cultured with 50 mg/ml primocin (Invivogen, Toulouse, France, \#ant-pm-2) in a humidified 5% CO~2~ incubator at 37 °C. cDP and sDP were maintained as previously reported^[@CR4]^. Briefly, cDP were maintained in 60 mm dish (SPL, Gyeonggi-do, Korea, \#20060) and sDP were maintained in Ultra Low Attachment Culture Dish (Corning, New York, USA \#3261). Both cDP and sDP were maintained same DP media described above. 2-deoxy-d-glucose (2DG), WZB117 and Bromopyruvic acid (3BP) were purchased from Sigma--Aldrich (St. Louis, USA, \#D8375, \#SML0621, \#16490 respectively). D-(+)-Glucose powder were purchased from Sigma--Aldrich (\#G7021). C646 (\#10549) and Ginkgolic acid (\#18422) were purchased from Cayman Chemical (Ann Arbor, USA).

Cell viability assay {#Sec9}
--------------------

The viability of the DP was measured using the water-soluble tetrazolium salt (WST-1) assay (EZ-Cytox Cell Viability Assay Kit; ITS-Bio, Seoul, Korea, \# EZ3000) according to previously described^[@CR20]^. Absorbance was determined at 450 nm using an iMark microplate reader (Bio-Rad laboratories, Hercules, USA).

2-deoxy-d-glucose ransport Assay {#Sec10}
--------------------------------

DP were cultured for 48 h with 80 μM of the fluorescent 2-deoxy-d-glucose analog, 2-NBDG (2-deoxy-2-\[(7-nitro-2,1,3- benzoxadiazol-4-yl)amino\]-D-glucose, Cayman, \#186689-07-6) in glucose free media for 30 min. Reactions were terminated by solubilizing cells according to previously described^[@CR14]^. Briefly, 2-NBDG fluorescence was measured at 485/538 nm (excitation/emission) and fluorescent values were normalized to the respective protein concentration using BCA protein Assay kit (Thermo Fisher Scientific, Rockford, USA, \#23225).

Quantitative real-time PCR analysis {#Sec11}
-----------------------------------

Total cellular RNA was isolated from DP using TRIzol reagent (Thermo Fisher Scientific, \# 15596-018) and cDNA was synthesized using M-MLV reverse transcriptase (Thermo Fisher Scientific, \#28025-013) according to previously decribed^[@CR21]^. Quantitative reverse transcription polymerase chain reaction analysis was performed using SYBR™ green PCR master mix (Thermo Fisher Scientific, \#4309155) with a Step OnePlus Real-Time PCR System (Thermo Fisher Scientific). The sequences of the primer sets are listed in Table [S3](#MOESM1){ref-type="media"}. mRNA levels were normalized to human 18 S rRNA. Data shown are mean ± STE and analyzed by Student t-test (**\****p* \< 0.05).

Western blot analysis {#Sec12}
---------------------

Western blot analysis was performed as previously described^[@CR22]^. Sources and working dilutions of antibodies are shown in Table [S4](#MOESM1){ref-type="media"}. Each protein was detected using enhanced chemiluminescence (Bio-Rad laboratories, \#1705061) and visualized using the ChemiDoc Touch Imaging System (Bio-Rad laboratories).

Pyruvate and Lactate assays {#Sec13}
---------------------------

Concentrations of intracellular pyruvate and extracellular L-lactate were measured fluorometrically (ex 544 nm, em 590 nm) using kits from Cayman Chemical (\#700470, \#700510 respectively) according to previously described^[@CR14]^ and fluorescent values were normalized to total protein for each well determined using BCA protein Assay kit (Thermo Fisher Scientific, \#23225).

Hair shaft elongation assay {#Sec14}
---------------------------

Hair shaft elongation assay was performed according to previously described^[@CR23]--[@CR25]^. For organ cultures of mouse vibrissa follicles, individual hair follicles were dissected from the upper lip pad of 5-week-old female C57BL/6 mice. Vibrissa follicles were placed individually in 24-well plates containing Follicle Dermal Papilla Cell Basal Medium (PromoCell GmbH) supplemented with 4 µl/ml bovine pituitary extract, 0.04 ml/ml fetal calf serum, 1 ng/ml basic recombinant human fibroblast growth factor, 5 µg/ml recombinant human insulin (PromoCell) with 1 x penicillin- streptomycin solution (Gibco; Invitrogen, Carlsbad, CA, USA, \#15140-122) and each chemical was added to the culture medium. Protocols approved by the Institutional Animal Care and Use Committee (Konkuk University, Republic of Korea). No. KU16199

Web-based meta-analysis {#Sec15}
-----------------------

Microarray datasets from studies (GSE44765_5^[@CR5]^ and GSE22623722^[@CR4]^) were analyzed using GEO2R (<https://www.ncbi.nlm.nih.gov/geo/geo2r>) to determine enzyme expression of aerobic glycolysis and histone acetylation.

Ethics approval and consent to participate {#Sec16}
------------------------------------------

All animals were care for by using protocols approved by the Institutional Animal Care and Use Committee (Konkuk University, Republic of Korea). No. KU16199.

Statistical analysis {#Sec17}
--------------------

Data were analyzed by two-tailed Student t-test, one-way analysis of variance (ANOVA) using GraphPad Prism software v.5 Unless indicated otherwise, all experiments were performed using triplicate culture dishes and data shown are the mean ± SEM. Two-group comparisons were analyzed by two-sided Student's t test. p values were calculated, and p \< 0.05 was considered significant.
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